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MEASURING pH WITH HIGHLY RESISTANT MEASURING DEVICES

[Following is a translation of an article by Hans Joachim
Wolf in the German-languags periodical Zeitschrift fur
Instrumente (Journal of Instruments), Vol 67, No &, 1959,
pages 147-1954./

In order to understand the peculiarities of electrometer ampli-
fiers for the determination of pH values, the direct coupled d. c.
anplifier has been dessribed first. The means which are known at
present for the improvement of the connection are mentioned in order
to obtain the highest possible stabllity and measuring accuracy.
Furthermore, different systems of modulated smplifiers are shown and
practical examples are given. A distinction has been made between
direct reading and compemnsating instruments.

Except for the less axact color indicators for orlentation H
deternination, modern industry and research relies almost solely upon
slectromeiric meaguring methods for pH determination. The most
camuonly used system is a glass eleotrode as a [ detector together
with a measuring device comnected in the manner described belove The
total tension of a glass elestrode measuring chain is made up of at
leact four half-elements: the potential building points on the inner
and outer glass gelatin layer and the immer and outer refersnce
electrode. Asymnetric potential of the glass gelatin layer and
diffusion potentisl on the diaphragm of the cuter referenge eleotrode
are alsoc possible. Of these individoal potentials, only that on the
outer glass gelatin layer which is in ocontaot with the soluntion to be
measured should change its value in accordance with the respective
A+ activity of the solution. Since the thermo-dynamically defined pH
value is not accurately measureable in practice, a conventional pH
soale, which is based upon the arrangament of certain pH values for
mo~called calibrating buffer solutions (Primary Standard, for instanse
0.05 m potassiun biphthalate).

In highly resistant measuring chains such as the glass elec-
trode, the measurement and recording of the pf walue places great
dezands upon the measuring device used. This applies particularly to
the input resistance of the measuring device, its asccuracy, its
linsarity and horizontal stability. Due to the high resistance, only
instruments with eleatron tubes come into question at the present time.
The aleoctrometric tubes which were used earlier for this purpose be-
canse of high grid insulation and good vaouun are now best replaced
by normal amplifying tubes. Nany devices contain the standard indus-
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trial type equivalents of amplifying tubes, some of vhich have the

advantage of a lesser spread factor in addition to a guaranteed life
of 1C,000 hours.

The tensions of a maximun of several hundred millivolts which
are developed in the messuring chain aotually require no amplifi.
ocation for actuating a mowving 9oil indicator guage, for inastance.
Buat, because of the high reasistancs, a great power smplification is
neceasary. Following is a desoription of one axamples

If a voltage of 100 millivolts is applied to a pH meter with
an input resistance of 1012 Olms, then the input power is

u2 _ 1072
“E-?-E‘.ﬂ-lo—u‘w.
At a voltage inorease V; .= 1, a current of 1 mA will be assumed for
the meter indicator, therafore
Ny =U - J =0V « 1.103A = 1074v.

Thersfors, in order to have a voltage increass of Vy = 1, the ingtru-
ment mast have a power inorease of

N -4 0
Ty =g = 30 = 200,
2 NE = lo- =

Ioput Reslstance

For the following considerations, the resistance of the meas-
uring chain can be assuned to be from 100 to 1000 megachms, which
is applioable in most cases. When a messuring instrument is comected
to such a Measuring chain, s tension division is oreated with its
input voltage; 1.e., the voltage at the instrument input %2 is not
equal to the elestrode potential but rather a measuring error of
E; = E2 rasults from the input resistance of the instrument, Bx.

Furthermore, & taxing of the electrode by the measuring
device with insufficient ‘input resistanse aould allow a polarisation
tension to form, which would mean a further error in the valne of
the electrode potential. The errors could be prastically ignored if
the input resistance of the measuring device could be made to be two
to three times gresater than the maximm measuring chain resistance, zs

u
Rypput = 107 t0 10'* Ohns.

Asguracy
Depending upon the intended purpose, the acoursoy of measure-

ment achieved is $ 0.1 to 4 0.005 pi. In the casze of instruments
whioh give direst reading reeults, the original measurement error
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caused by inexactness of amplification is sompounded by errors of
linearity, such as when the instrument indicator does not line up
oorrectly with the scale.

Generally it is required that p measuring instruments remain
constant in their accuroy and linsarity even when tubes Pecome old
or are replaced.

Stabllity

Modern pil measuring techniques require elactrode calibration
through the use of buffer solutions. This crestes a demand for a
measuring instrement with a scele which is stable throughout a
certain period of time, which is usually related to the sensitivity.
Allowadle variations are expressed in millivolts per hour or of pH
por 24 hours. An instrument with a scale stability of seversl oV
per 24 hour period can bs oonsidersd suitable as & laboratory meas-
uring instrmment of average ascuracy, especially since the sero polut
on the scales of these instruments can usually be adjusted. Indus-
trial pi measuring and recording plaze still higher devands ou the
stabllity of measuring instrmenta. Short interruptions and rrest
variations of oirouit tension can be wxpested in industrial systeas.
Sane of the connections desaribed below meet evan theae rigid require-
mexts.

Instrument Connection

Direstly Coupled Blectron Amplifiery

With the advent of grid controlled slestron tubes, it waa
made possible to cantrol the most mobust indisating instruments with
the mallest measuradble muounts of power.

Although the non-linear displacement of tha tube ocharsoter-
1stic oan Yo taken into atcount by means of irwtrumeot calibration,
a tonxdderadle insacurney of nmsurenat is inhureat in this non-
linearity, for a variation in the tubs charaoteristiss is unsvoldable
with tube age and tube replacexents.

If the indicator instrmen' is directly in the anods circuit,
another siseable problem results — nazely, the iocading of the indi-
aator by the snode rest aurrent J,,- The Rworiing point™ at the sero
point of tension of the tude will be adjusted to the flattest poazidle
pert of the charasteristio osurve by mesns of the suxiliary grid
tengioa Uy, wheredby there is a flow of anode rest current. If it {»
deaired tg observe very suall measuring teasion on the order of
csversl a¥, it will be found that the respective anode ocurrent change
18 vevy 2uch saaller than the anode rest surrent aud is prestically
not reddable. Another dissdvantage is more or less charssteristic of
all diredtly coupled direst current voltage saplifiers; namely, in-
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sufficient time-conatancy of the measured value, even with zero input
venaion. This i3 mainly due to the influence of variations in the
operating powar, but even an exceptionally good stabilization of the
power subply voltage does not bring absolute astability. A certain
straying of the anode rest ourrent will always be observed beoause

of variations in the cathode emission. This instability will appear
especially starkly as an inacourscy when tubes are turned off and
then starced sgain. Herein lies the great differsoce between thase
and the madulated amplifiers which will be described below, and which
can be saild to have a practiocally absclute zero stsbility.

The first of the above disadvantages of the directly coupled
anplifiers -- nonlinearity and characteristio curve displacement, as
well ag a lessened reading accuracy due to the ancde rest current
baing indicated -~ can be eliminated by an appropriate angmentation

of the connaction, However, this brings only a partial improvement
of the gerc stability. There is one more point which applies to all
direoctly coupled direct current voltage amplifiers, namely, the
existence of a onrrent in the grid cirscuit.

For all normal am; g tube= in the usual oonnection, a
grid current of about 1 « 1 amperes can be detemined. At a
grid resistance of 1 megaohm, a potential of about 10 mV will result
due to the grid current. This means an insignificant displacement
of the working point. Howuver, if the resistance between the cathode
and the grid i3 increased to a value of 100 to 1000 megyolms, as is
ctnsed by the glasa elegtrode, thenm the grid current can only be
allowed to be from 1011 to 10-10 amperes if 10 mV is still considered
the allowable potential displacemeunt, Such & low grid current can be
found in special tubes —— mo-oalled "electrometrioc tubes,® which are
plauged by sseveral disadvantages as regards their use in Industrial
measuring instruments, however, such as thedir mechanical sensitivenass
ocaused by direct heating and their high price. Modern connection
techniques make it possible to use standard amplifying tubes in such
a way that thelr grid current remains under the required minimum
valuss. Prior to golng into details of comnection, let us take up
measures to repress various camponents of the grid current.

The grid electron current in the residual current stage san be
made insignificantly =mall by ireans of a negative grid bias for the
alestrometric commections under consideration here.

The jon ourreant can be avoided only through a gaod vacuum in
the respective tubes. In some cases, sultable tubes must be sought
out from among large numbers of the same type.

The insulation grid ourrent, which can result from faulty
insulation of the circuit portion grid-cathods, can be avoided in
cleotrametric tubes through mounting another grid at another point,
well insclated fram the other electrodes. However, one usually
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experiences little difficulty due to insufficient insulation with

przssnt-day standard amplifying tubes which are usually used for pH
metsring.

Thermic grid anission is greatly dependant upon tha cathode
tempsrature send can be reprasssed through underhecating of the tubss.
Stardard amplifier tubes in slectrometric connections therefore
ususlly operate with a heating voltage which is reduced by 10 to LOK.

By taking appropriate measures, therefore, the grid current
of ¢ertain types of standard amplifying tubes in elec etric gonrec-

tions can be kept below the required value of from 10~ to 10-10
amperes.

Technicues of Connecting Directly Coupled pH Amplifiers

The greatest disadvantage of the basic comnection was the
ingrsuracy of measurvment caused by the anode rest current being
included in the reading. This can be fully compensated for, however,
by reans of w simple resistancs connection, as shown in Figure 1.
Thy irstrument Iindicator of the potentiometer P can be calibrated

exactly so that the input tension equals the zero poimt (Ey = 0).

Although a considersble improvement is achieved through the
anods rest current compensation, this connection still has many
ghoricomings, especially due to the fact that the nonlinearity of
the tube characteristic curve still is not corrected. The stabllity
of the indicated value and/or the zero point is also poor and strongly
dependent upon fluctuations in the heating and ancde voltage. There
a»s two measures whioh oan be taken to improve the sonneotion shown
in Figure 1 to the extent that it becomes a laboratory type piH meter
with macvisfactory characteristics. First of all, a second tube system,
exactly symmetrical to the original, is connected in place of the
stationary resistor Ra.. The grid of these tubes is given a tension
which is adjustable within certain limits in order to calibrate the
zero point, tut which is independefit of the measuring voltage. Through
thia vymuetrical arrangement, the inflnence of fluctuating operaticnal
voltege is reduced to a fraction of its previous value and the scale
wtability 1s considsrably better. The second measurs consists of
powering the tubes in the cathode amplifier connection, whereby a
greates linsarization of the characteristic curve is obtained. The
resulting connection is shown in Pigure 2.

The voltage divielen found in this conneotion parallel to the
ancdy feed voltage is important in order to be able to adjust the
working point (i.e., the correct grid blas to correspond with the
rirutest grid current) of the tubes.

it should also be noted that stabilization of the heating and
arode voltage is mandatory to obtain satlsfactory stability in these
and similar connectiona. The following are used as stabilizing means:

- .-
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nacn tubeo

magnotio voltage stebilizers
barrotboro

elestron tube regulatyrs
connections with diodes or transistors

A greater improvemert is obtained by =nclosing both tube gys-
tems in a common glass case. This i1a made possible by the double
triodes which are available today, such as BCC 81, ECC 83, E 80 CC.

Other Cenneoticns for Direotly Coupled pH Measurement Amplifiers

A certain disadventage to the otherwlse well functioning
connaction shown in Figure 2 is the relatively low power whioch ig
available for tue meter. This is csused by the fact that, due to
low grid tensiom, they must work with gnode rest currents of from -
20 to 100 microcamperes. A correspondingly high current sensitivity
is therefore requirsd in the indicating instrument. Furthermore,
since the allowable measuring Instrument reslstance is limited by the
comnection, highly sensitive systems must be vzed which are, in turn
mechanically sensitive due to the low torsional moment of thelr
toroion springs. Friotion errors in partioular can be observed with
suoh senaltive instroments. For this reason, devices have been
developed which have a power amplification after the electrometric
stage. Robust indicator instruments can then be used, and amxiliary
instruments and registering devices no longer offer difficulties.
There are basically two methods of providing this power amplification:
either the comnection of a sesond, likew!se symmetric double triode
whith, conirary to the £irst, works with higher anode current, or the

ugse of the so~called modulated amplifier. Figure 4 shows a2 practical
ecymple of the first method.

Ir the second mathod, the lowpcizr direct current which is
created between the input cathcdes is charged into alternating current
by means of a modulator, such as & contaot breaker, dicde tranaistor
or tube modulator. This alternating curreat voltage can be greatly
amplified with a stabile zero point and later rectified. The comneoc-
tion of one or seversl indicator instruments with, for ingtance, 1
milliamphere sensitivity for full registration is possible withouat
difficulty then. Flgure 5 shows a block disgram of such an Instrument.

Given certain donditions, the modulator can worsen the stability.
If a contact breaker is used, provided it has a practical design and
correct contact material, no worsening of the stability will be
noticed. The disturbance potential created at the contacts, given
an exterior resistance of a maximm of several megachms, lies far
below 1 millivolt and it 1s oconstant. On the other hand, instability
can arise through the use of dlode and transistor modulators, since
these clements arc very tamperature~sensitive in their electrical
characteristica, Symmetric comnections and specially selected pairs
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of olements bring only a partial improvement. Also the electronic
medulation by means of o tube bridge is not drift fres, but rather

furcticns similarly to & direct coupled direct current wvoltage
snplifier stage.

Many authors reoscrmenéd the use of the ®Cascads®™ Principle as
a pos=ibility of improving the stabllity of dirsct coupled direot
currant voliege amplifiers [’]_7. This stipulates that an amplifying
tubs, in place of the ugual Chmic working resistor, cortains an

addlitioral tube system in the anode or cathode circuit. Pigure 6
doxzibead this further. However, the author does not know of any
comergial pi measuring devices which use this principle.

Directly Coupled Measurezeat Amplifiers With External Counter-Coupling

The cathode amplifier, as shown in Figures 2-i,, represents an
inrternally counter~coupled tube ccnnection. In contrast to this, we
speak of an external counter-coupling when the back feeding &f the
counter-coupled voltage takes place into the amplifier lead in wia
aeveral tube stages. Such connections are used in some modern wl
measuring devices. They have certain advantages over the instruments
showr in Pigures 2-4, bul do not by any means represent an ideal solu-
tion. Their advantage, for instance, consistas of the fact that the
zero polnt fluctuation is caused, for the most part, only in the input
gtagzes. The Influence of subsequent tube stages ls reduced by the
facter of the amplification in the intervening portion. Additionsl
adventagea can be noted in the speed of adjustment and the exactness
of emplification. However, these stated advantages apply only in the
case of suffioisntly great interlor amplification, that is to say,

strong counter coupling. The ocharacteristics of such an amplifier
oan bes expressed with the help of Figure 7:

Tn order to obtain the above mentioned advantages, it must be
glven: a - V) 72 100 to 1000 (as great as possible).

When external counter coupling is used, the same viewdoints
apply for the input sztage 28 regards grid current as are given for
the mimple connection. ITn this situation, therefore, counter coupling
has no advantagee.

A digandvantage of guch connsctions is the complicated potential
reletionship withlin the ampiifier, as necessarily results when more
then two direotly coupled tube stagss which sre connscted in series
and fed from a common anodg voltage source. An electronic voltage
waguletor ahould be used to produce the relatively high operating
Joltage neceesa~y for thls, to include the power required for a strong
teliage divider. Thue a considerably grester source is needed than
for the connections shown in Figures 2-4. This is compenssted for by
only & partial improvement.



The feed in of the counter coupled voltage can actually be
done at another point besides the input stage, as 1s sho Figure 7.
An elsctrometric measuring amplifier has been desaribed 9_/ in which
the counter coupling passes vie the heating of the directly heated
eleotrametric input stage. The method is seen in the simplified scheme
shown in Figure 8. The attaimable gero point stabllity is stated to
be 0.15 millivolt psr hour.

Directly Coupled Measuring Amplifiers With Automatic Drift Compensation

Fi measuring devices which use this principle represent a
specialty in the develommental series of directly coupled direct
current #=plifiers. The manner of functioning of the sutomatic,
intermitent drift control can be explained with the help of Figure 9.

A voltage amplification factor of v = 1 i3 assuned for the
amplifier, which corresponds to a counber coupling factor of a = 1
for a counter coupled amplifler. During the msasuring phase, three
voltages, whioh are cormected in seriep, lie at the inputs the meas-
uring voltage E., the wvoltage of the condensor U, and a disturbance
voltage Uqy which corresponds to a zero point displacement (drift).
During the "control phase,™ By 1s diverted and the condensor is loaded
to the drift voltage Ugt Zin the opposite direction) vi: the amplifier.
If the time constant C of the ocondensor is ufficiently large and if
the amplifier input is correspondingly highly resistant, then the
loading of ¢ will fully conpensate the disiprbance voltage Ugy during
the next measuring phass. With a comercially available pH meter, the
measuring phase lasts 1 second, whereas the drift control is completed
in 0.015 seoond.

This process places certain demands on the exact funotioning
of the awitch contacta. For thia reason, and largzely because of the
high reslatance of the input, a ¥§peoisl relay is required. There ia
no knoyn experience faotor concerning the sultability of this measuring
principle for precision pH meters.

P Measuring Devices with Modulated Amplifiers
General

Hare the ohanging of the elestrode potemtial 3nto alternating
gurrent voltage takes placs direotly, as opposed to the Aevices similar
to Figure 4. All tubes work as alteruating current voltage amplifiers
in standard connection, thus belng Zero polnt steblle and wraffected
by grid currenta. A good measuring ascurscy and linearity, as well

as the required high inpct resistarce, is ohtained through a powerful
comnter coupling.

The same relationships apply am for the directly coupled
amplifier with external counter coupling. The attainable input
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rasistance 1s dependent upon other factors, howavor, oinoe no gria
current offuct odpurs. The inorsase of the input. resistance takes
place, in modulatsd taplifiers, according to the matio

Ry = RY(1 + a'Vy)

where
RG‘J w input regsigtance without counter eoupling

3]

nu input resistance with counter coupling

H

a Counter coupling factor (actually 0.1 - 1)

Vy = internal amplification V; = E,/E;

if R,' = 250 megachms and the effective input resistance shopid,
considering the highly resictant measuring chain, amount to 1 + 1
Ohma, then a * Vi = Ry/R, ' must equal 400, For stability of measure-
ment accuracy and linazu-fty, a suffiziently great a » vy is also
important and renders the device prectically lndependant of tube age,
tube replacement and grid voltege fluotuation. From

Ez‘ﬁn-’{ﬁ;

{given a counter coupling factor & = 1) it can be seen that with
sufficiently great V;, the rumsrator practically disappearas and

E: Ey results. Depending upon the cholce of the counter coupling
factors, values of V¥, =100 to 10,000 are required. A dropping of
Vq of 508, as from Vl = 1000 to V; = 500, results in no visible indi-
cator change.

Instruments with Yibrators or O0soillating Condensors

At the present time, the ocontact vibrator and the oscillating
ochdenpor are the most important modulators in practice. Figure 11
vhowad typloal iuput connections.

The doubled G-R link at the tube grid surves to keep the
¥oltags which results frou grid curreat between the grid and Pminust
from enterdng the modulator.

With vibrators, the distirbance voltage-saused by the contact
potertial is most noticeable and impossible to eliminate completely.
This disturbance voltage depends upan the value of the external
reyigoancs, the contact material, the cleenliness of the contact
surfases and the frequency of the vibrator. Certain gpid alloys :
have proven thanselves a ccntsct material, but greater improvement is
nardly to be expected in this arsa. By reducing the frequency of the
vibrator, this potential can be redused approximately proporticnately.
Howeverr, there 13 a limiting factor if the measuring amplifier is
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required to follow repid chenges in tho necacured value. Well iotown pil
muters therefore use oenly 50 or 25 oydle vibrator frequencles. The
sdventago of o aunller contasot potentisl with the 25 oyole vibrator
brings with it large diszsdvantages, for a frequency reducer is required
as vell an o second vibrator which is used as s rectifier., o evample
of the valnes of contact potentiala with contast vibrators, a pil

meter which works with 50 oycle vibrator showed a contact patential

of 2 to 10 millivolte at a meesuring shuin resistance of 1000 megohms.

The cescillating condensor also has a disturbance voltags, which
iy also called a cautact potantial. O£ greectest importance ir tha
typu of ruterial and the saface c¢f the pieten. They san achieve
zatlafactory resulta with guld plated wnd dust free werangemnwnts.
Thers are also some mowa osoillating condensors which are hermetically
sealed and oporate partly in a protective goc atnosphere. However,
muoh types hardly come into gquestion as industrial vl meters because
of their vrohibitive cost. Cortrery to the contact vibrator, a high
frecquency, such as 400 cycles, can be beneficlal in some casrs. The
values of the contact potential rre higher with the simpla muaels
than with tihe vibrator and can amount to aa much as 50 millivolis at
1000 Megohms. A further inorsase to wrallowsble high values can occur
after severel months of contimous operation.

RBlectronic Modulation

In principle, a#n elecironic tube can serve to tresasform dlrect
measuring current voltage into a proportiona. alternating current
voltage. Suck connections, which uswally work with a tube bridge
arrangment, have been variously described / 8 /. Their importance
for pH aeters is not great today, however, since they are plapmed

by the same drift characteristics as are known with directly coupled
nxplifiers.

"Two Channol Amplifier™

Dirsctly coupled direci voltage current amplifiers and modulated
amplifiers oan be combined with each other In such arway that the
advantages of botl gystens can be utilized. The combination is as
Zullows: rupid changes in the messured valued are passed through the
direotly coupled channel, while slow fluctuations (drift) are corrected
in a slow-running vibrator amplifier. If the frequency of the vibrator
1s orly 5 cycles, for instance, then its contact potential 1s so small
that tho measurenmnt of the most highly resistent meesuring chaing ——
vp to 2000 megolms — bocomes possible [iQ7 .

7, is the directly coupled main amplifier which is affected
by the disturbance voltage. Its output voltage E; 1s fed back into
the input vis the countyr coupling circuit a with a « B». Up to this
poirt, the same conditions st as with the emplifier in Figure 13 —
that is, the disturbance voltage u, whish is always present and 1s
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onuscd by drift and other oauses, appoars at its fallest walue. The
oxtornal voltage 1o 1/a. By comparing the measuring voltage B, with
that portion of the fod back voltage a . » the value of u is obtained.
u i3 then fed to the vorrecting amplifier V2. In the form of a slowly
operating vibrator amplifier, its disturbance voltage will be so
mirimal as to be ignored. An exact mamination reveals that the
disturbance voltage of the main smplifier u is reduced Ly the factor
1/V; Af the output voltage Vo is fed back to the main amplifier input
with the correct phase. With sufficleat stabilization of Vg, the
stability becomes extraordinarily good, so that this principle is
sultable for pi measuring amplifiers in gpite ite groat cost.

Prinoiple of Compensation

The most reliable method for messuriug electrochemical poten-
tials 1s compensation. The voltage to be measured is placed opposits
a polarity which 1s adjusted to be the reverse of the voltage, and
then alternated until the voltage difference ls zero. The accuracy
of this type measuring instrument is dependant only upon the precision
of the resistors used and the acouracy of calibration of the voltage
sourcs. A standard elemeat is often used as 2 calibrating standard,
while a highly stabilizsd circuilt rectifier is used as the compen-
zation voltage source. In older instruments, a batiery or the
standard element itself is used. We differentiate between self-
eCualizing compensators and those with vhich the equalizing must be
done manually. For the beat acouracy, manual compensation is preferrcd.

Gorpensating Measuring Devices With Manual Equalizing

The basic connection requires certain additions in order to be
able to measurs highly resistant potentinl sources.

This applies particularly to the zero indicator, since practi-
cally no power 1s available due to the high resistanse of the meas-
uring chain. A direct reading moving coil instrument is therefore
not, suitable. The necessary tube amplifier oan be eithar directly
coupled or ccastructed like a modulated smpliflier. For purposes of
nbtaining the greatest poosible ssoursay, the latter should be gilven
preference since it posmesses the possibility of attaining a high,

zero-point-stabile voltage amplifier. Flgure 13 shows a block diagram
«f such a compensator. .

The modulated amplifier used with this device provides a voltage
amplification so strong that the zero indicator uses magic eye diffar-
ence voltage of less than 0.5 millivolis and gives very definite

registrationa. The meaguring ol electrode~chains up to 1000 megohms
13 ulte possible.

£ ¢1f-Bualizing Compensators

The equaligation is best accomplished with a servo motor. In
order to obtain sufficient accuracy with rapid adjustment — 1 or 2
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seconds for the full range — a damping generator or a spscial conmec-
tion with & covresponding function is absolutely necessary.

The servo motor runs and adjusts the potentiometer sliding
contscts so long until the difference voliage By = Xx + K5 (aeo
Figure 13) apprcaches zero. Ths atdainable adfustment accuracy
therefore defands upon the available degree of amplification. On
the other hand, amplification cannot be inoresased to any desired
hoight, or the entire system would begin cscillation. Limits are
set to the stability attainable with the damping generator or
correspondingly runoctioning connection. The adjustment accuracy ..
attainable with gstandard means with such instruments is therefore
usually given 28 0.2 to 0.3F of the final value. 50 cycles is the
usual modulation frequency since it is easlest to comect the setond
nmotor winding, which is fed with alternating current voliage,
directiy to the circuit.

Self-~squalizing compensators are usvally designed as register-
ing instrmments, oinoce the driving power of the aervo motor is easily
sufficient to drive an inscribing stylus.

Figure 14 shows a modern compensator graph. For automatically
recording the titration curves, the paper advancer ls combined heve
with the piston burette. The instrument uses a common ball point
insert.. and has a usable recording width of 250 mm« Adjustment is
rapia wud accurate.

Suanary

The problen of mass produsing the above desoribed special
tubes which are rsliable in continuocus operation can be consldered
a3 having been solved.

~ tH measuring devices oan be divided according to type into two
main olssses. In the first group, the measuring voltage is fed
directly to the indicator dial after ampiification. A directly
coupled or a modulated amplifier can be used, a combination of both
also being possible. The second main group works on the compensation
prinsiple. The measuring voltage is placed opposite a variable,
calibrated compensation voltage and alternated until the difference
voltage is zero. The control of the compensation current can bs
manual or automatic by means of a servo mechanism, the latter method
often baing sombined with a registering device (compensograph).

A spsoinl olass are the direct reading devises, in whioch the
measuring voltage is partially compensated by ac adjustable, staged
sounter current. The device showa in Figure 3 works on this principle.
In commection with these instrmments, one spesake of "partigl compen-
sation.”



bs considered as self-equalizing compensators.

Heasuring amplifiers with externsl courtsr coupling can also
From these consider-

ations, there results the above mentioned increased acouracy and —
in the case of the modulated amplifier -~ the magnification of the
input resistance.

(3
g

5)
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Fig. 1. Principte of anode rest current compensation.
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£ig. 2. Improved arrangenent for ancde current campensiation with
two symmetrioally connected tubes and cathode amplificatien
sonnection.
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Fig. 3. Preoision pii weter with partial compensation

of the meamuring voltage. All operating voltages
are electromically stabilised (Metraohm Corpor-
aticn, Herisau, Bwitserlamd).
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Pig 5. Block diagram of an instrumeant with slectrometyio
input atage and subsequent power amplificationg
by reans of modulated amplifier.
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Fig 6. Left: Cascode Prinmoiple. Right: Sysmetric direct
ourrent voltage amplifier in a Cascode arrangement.
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Fiz. 7a Caounter coupled amplifier. l:,‘ - l:2 - 53

Interior amplification V,. = Eg

E
External amplification v‘ = _éé

Counter coupling factor a = %—- (practiocally, a = 0.,1-%)
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Fir. B. Counter coupling via the hsating of the directly
hoated electrometriec input atage.
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rig. 9. Principle of the intermiteat 4rift socapemsatien
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Fig 10, MNodulated Amplifier with Extersal Counter coupliag
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Fig 11. Inpnt conpections, a) with vibrator,
b) with oscillating condensor.
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Fig 12. Two channel saplifisr.
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6. Compensatioa voltage E,
7. Back fesd voltage

8. Cathode

Fig. 13. Blook diagram of &
precigion compensator.
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A compenaatograph for registering the potential
of highly resistant mesguring chaina. A com-
bination of piston buretts and magnetic scribe
for the automatic recording of the titration
curves (Métrohm Corporation, Herisam, Switz.).



